Photodynamic therapy (PDT) was discovered over one hundred years ago by observing the killing of microorganisms when harmless dyes and visible light were combined in vitro. Since then it has primarily been developed as a treatment for cancer, ophthalmologic disorders and in dermatology. However in recent years interest in the antimicrobial effects of PDT has revived and it has been proposed as a therapy for a large variety of localized infections. This revival of interest has largely been driven by the inexorable increase in drug resistance amongst many classes of pathogen. Advantages of PDT include equal killing effectiveness regardless of antibiotic resistance, and a lack of induction of PDT resistance. Disadvantages include the cessation of the antimicrobial effect when the light is turned off, and less than perfect selectivity for microbial cells over host tissue. This review will cover the use of PDT to kill or inactivate pathogens in ex vivo tissues and in biological materials such as blood. PDT has been successfully used to kill pathogens and even to save life in several animal models of localized infections such as surface wounds, burns, oral sites, abscesses and the middle ear. A large number of clinical studies of PDT for viral papillomatosis lesions and for acne refer to its anti-microbial effect, but it is unclear how important this microbial killing is to the overall therapeutic outcome. PDT for periodontitis is a rapidly growing clinical application and other dental applications are under investigation. PDT is being clinically studied for other dermatological infections such as leishmaniasis and mycobacteria. Antimicrobial PDT will become more important in the future as antibiotic resistance is only expected to continue to increase.
Introduction
The rapidly increasing emergence of antibiotic resistance amongst many species of pathogenic bacteria may be bringing to an end a period extending over the past 50 years, termed "the antibiotic era" (1, 2) . Bacteria replicate very rapidly and a mutation that helps a microbe survive in the presence of an antibiotic drug will quickly become predominant throughout the microbial population. Furthermore transferable genetic elements such as plasmids encoding resistance enzymes and efflux pumps can be transferred between species. The inappropriate prescription of antibiotics especially for viral diseases, the failure of some patients to complete their treatment regimen and the widespread use of antibiotics in livestock feedstuff only work together to exacerbate the problem by repeatedly selecting for the most resistant strains as illustrated in Figure 1 (3) . The worldwide inexorable growth of multi-drug resistant bacteria has led to a major research effort to find alternative antibacterial therapeutics to which, it is hypothesized, bacteria will not be easily able to develop resistance.
Photodynamic therapy (PDT) involves the use of non-toxic dyes or photosensitizers (PS) in combination with harmless visible light of the correct wavelength to excite the PS (4) . In the presence of the oxygen, the excited state PS transfers energy or electrons to ground state molecular oxygen producing reactive oxygen species (ROS) such as singlet oxygen and hydroxyl radical that are able to kill cells (5) . When the cells to be killed are pathogenic microorganisms the procedure is termed photodynamic inactivation (PDI) (6) , lethal photosensitization (7) or in the dental field, photo-activated disinfection (PAD) (8) .
Antimicrobial PDI may be a new approach to killing or eliminating pathogens that are infecting tissue (9) . All studies that have examined the killing of antibiotic resistant bacteria by PDI have found them to be equally as susceptible as their naïve counterparts (10) (or even more susceptible (11) . Moreover it has not as yet been possible to artificially induce resistance to PDI in any microbes where it has been tested (12) .
Because the delivery of visible light to living tissue is almost by definition a localized process, PDT for infections is likely to be applied exclusively to localized disease, as opposed to systemic infections such as bacteremia. In contrast to PDT for cancer, where the PS is usually injected into the bloodstream and accumulates in the tumor, we believe that PDT for localized infections will be carried out by local delivery of the PS into the infected area by methods such as topical application, instillation, and interstitial injection or aerosol delivery. The key issues to be addressed, therefore, will be the effectiveness of the treatment in destroying sufficient numbers of the disease-causing pathogens, whether effective selectivity of the PS for the microbes over mammalian cells can be achieved thus avoiding an unacceptable degree of PDT damage to host tissue in the area of infection, and the avoidance of regrowth of the pathogens from a few survivors following the treatment.
It has been known since the first days of PDT, early in the last century, that certain microorganisms can be killed by the combination of dyes and light in vitro (13) . Throughout the years since those times there have been additional reports of bacteria being killed or inactivated by various combinations of PS and light (9) . In the 1990s, it was observed that there was a fundamental difference in susceptibility to PDT between Gram-positive and Gramnegative bacteria (14) . It was found that, in general, neutral, anionic or cationic PS molecules could efficiently kill Gram-positive bacteria, whereas only cationic PS or strategies that permeabilize the Gram-negative permeability barrier in combination with non-cationic PS are able to kill multiple logs of Gram-negative species. This difference in susceptibility between species in the two bacterial classifications was explained by their physiology, as the Grampositive species have a cytoplasmic membrane surrounded by a relatively porous cell wall composed of peptidoglycan and lipoteichoic acid that allows PS to cross. The cell envelope of Gram-negative bacteria however consists of an inner cytoplasmic membrane and an outer membrane that are separated by the peptidoglycan-containing periplasm. The outer membrane forms an effective permeability barrier between the cell and its environment and tends to restrict the binding and penetration of many PS structures (15) . Fungal cell walls have a relatively thick layer of beta-glucan and chitin that leads to a permeability barrier intermediate between Gram-positive and Gram-negative bacteria (see Figure 2 for a schematic depiction of the cell walls of these three classes of microbial cells.
Several approaches have been tested that allow PDI of Gram-negative bacterial species. The Israeli group of Nitzan and co-workers used the polycationic peptide polymyxin B nonapeptide (PMBN), which increased the permeability of the Gram-negative outer membrane and allowed PS that are normally excluded from the cell to penetrate to a location where the reactive oxygen species generated upon illumination can cause fatal damage (14) . Another approach was taken by Bertoloni et al. (16) who found that the use of ethylenediaminetetraacetic acid (EDTA) to release LPS or the induction of competence with calcium chloride sensitized E. coli and Klebsiella pneumoniae to PDI by hematoporphyrin or zinc phthalocyanine. An approach adopted by several groups is to use a PS molecule with one or more intrinsic positive charges usually provided by quaternary nitrogen atoms (17) (18) (19) . Phenothiazinium dyes such as toluidine blue O (20) , methylene blue (21) and azure dyes (22) have been widely employed to carry out PDI of a large range of both Gram-positive, Gram-negative bacteria and also fungal cells. Cationic tetrapyrrole PS containing quaternary groups have been synthesized based on frameworks such as porphyrins (17, 23) , phthalocyanines (18, 24) , and even C60 fullerenes (25) . The last approach that will be discussed involves covalently attaching a non-cationic PS molecules such as chlorin(e6) to a polymer molecule containing basic amino groups such as polylysine (26, 27) or polyethylenimine (28) . Figure 3 illustrates the structural formulae of six representative molecules that possess cationic or basic groups and are highly active as antimicrobial PS. The mechanisms of action of all the cationic PS or basic polymer-PS conjugates is thought to be that of "self-promoted uptake pathway" (29) . In this process cationic molecules first displace the divalent cations, Ca 2+ and Mg 2+ from their position on the outer membrane where they act as an anchor for the negatively charged LPS molecules. The weakened outer membrane becomes slightly more permeable and allows even more of the cationic PS to gain access thus steadily increasing the disorganization of the permeability barrier and increasing PS uptake with each additional binding (15) .
Another important observation that has been made about these cationic antimicrobial PS concerns their selectivity for microbial cells compared to host mammalian cells (30) . It is thought that cationic molecules are only slowly taken up by host cells by the process of endocytosis, while their uptake into bacteria is relatively rapid. If illumination is performed at short intervals after PS application (minutes) then PDT damage to host tissue will be minimized.
Antimicrobial PDT ex vivo or in biological material
In order for antimicrobial PDT to be able to play any role as a therapeutic modality it has to be demonstrated that PS and light are able to effectively kill microbial cells in the type of environment where they are found in actual infections, i.e. surrounded by proteins, cells, blood, or tissue. This requirement has been addressed by carrying out PDI of microbial cells in vitro but using biological materials or ex vivo tissue to mimic the clinical environment. Figure 4 illustrates some of the biological tissues and materials that have been used in these types of experiments.
Proteins and cells
It was found that antibacterial PDI was considerable more efficient if the bacteria were incubated with the PS in saline or medium with a low protein concentration (31) . Protein-rich media or addition of bovine serum albumin reduced the effectiveness of PDI. Wilson and Pratten (32) found that MRSA was killed tenfold less by aluminum disulfonated phthalocyanine and light in the presence of horse serum. Lambrechts et al (33) reported similar results, in which human plasma and serum both reduced the killing of S. aureus, P. aeruginosa and C. albicans using the cationic 5-phenyl-10,15,20-tris(N-methyl-4-pyridyl) porphyrin chloride and white light (30 mW cm-2 ). Street et al (34) asked whether PDI mediated by methylene blue (MB) could kill MRSA growing on an artificial skin construct composed of human-derived epidermal keratinocytes and dermal fibroblasts cultured at an air/media interface to form a stratified (epidermis and dermis), intact model of full thickness epithelialized human skin. Application of MB alone resulted in small reductions in MRSA viability from non-treated control while PDT treatment produced a significant (5.1 log10 reduction from control) immediately post-treatment and at 24 hours after treatment were almost sterile.
Blood sterilization
This has been an important use of PDT since 1992 when it was first approved by the Red Cross in Germany. Previously transmission of hepatitis B virus (HBV), hepatitis C virus (HCV) and human immunodeficiency virus (HIV) had occurred However, there are still risks of infection associated with transfusion of cellular blood components, i.e. red blood cell (RBC) concentrates and platelet concentrates. This is due to the inability of serological tests to detect viral infection during the "window" soon after infection. Mohr et al reported (35) the inactivation of HBV, HCV, HIV, parvovirus B19 in plasma products with MB concentrations in the μM range. West Nile virus could also be inactivated (36) . The dye thionine combined with yellow light illumination was proposed to be combined with UVB to sterilize platelet concentrates (37) .
Ben-Hur and colleagues have studied the use of phthalocyanines and red light to inactivate pathogens in red blood cell concentrates (RBCC) (38) . Under conditions leading to virus sterilization the blood borne parasites Trypanosoma cruzi (Chagas disease) and Plasmodium falciparum (malaria) could be eliminated to undetectable levels (> 4 log10 kill). RBC damage during treatment could be avoided by increasing the light fluence rate to 80 mW/cm 2 , and by including the free radical scavenger glutathione and the vitamin E derivative Trolox during light exposure procedures (39).
Skin
Maisch et al (40) examined penetration and antibacterial efficacy of XF73 (a cationic porphyrin PS) against MRSA using an ex vivo porcine skin model. They used both preincubation of bacteria in solution with XF73 and subsequent application on the ex vivo porcine skin, and also application of bacteria on the skin followed by an incubation with XF73 in a water-ethanol formulation for up to 60 min under occlusion. The localization of XF73 was restricted to the stratum corneum. Photoinactivation of pre-incubated S. aureus demonstrated >3 log10 reduction, while illumination after XF73 was delivered to the bacteria on the skin resulted in a approximately 1 log10 growth reduction independently of the antibiotic resistance pattern of used S. aureus strains.
Smijs et al (41) carried our similar studies with the dermatophyte, Trichophyton rubrum the commonest cause of superficial fungal infections. They employed an ex vivo model using human stratum corneum and inoculated T. rubrum microconidia. The PS used were 5,10,15-tris(4-methylpyridinium)-20-phenyl-[21H,23H]-porphine trichloride (Sylsens B) and deuteroporphyrin monomethylester (DP mme) and two different incubation media, Dulbecco's modified Eagle medium and distilled water. The PDT susceptibility depended on the time of PDT application after spore inoculation. A decrease in susceptibility was observed with increasing time of PDT application for both photosensitizers in DMEM. Changing the incubation medium to distilled water resulted in an increased fungicidal effect for Sylsens B and in a decreased effect for DP mme.
Teeth
The use of PDT to treat endodontic infections that are caused by bacterial biofilms has been studied in ex vivo-extracted teeth. Enterococcus faecalis is the pathogen most commonly associated with recurrent endodontic infections (42) . Fonseca et al contaminated root canals in uniradicular teeth with E faecalis and incubated for 48 h at 35 degrees C followed by addition of a solution of 0.0125% toluidine blue for 5 min and irradiation using a 50-mW 660-nm. The mean decrease in CFU was 99.9% in the treated group, whereas in the controls an increase of 2.6% was observed. Soukos et al performed similar experiments with E. faecalis using methylene blue (25 μg/mL) for 5 minutes followed by exposure to 30 J/cm 2 of 665 nm light using an optical fiber with multiple cylindrical diffusers that uniformly distributed light at 360 degrees. They obtained 53% killing and this increased to 97% after 222 J/cm 2 . Garcez et al used PDT to kill Gram-negative (Pseudomonas aeruginosa and Proteus mirabilis) bacteria growing as biofilms in root canals of extracted teeth. While Gram-negative species are not as commonly found as Gram-positives they are harder to kill, and moreover bioluminescence monitoring could be used to quantify infection. They used a conjugate between polyethylenimine and chlorin(e6) and 660-nm diode laser light delivered into the root canal via a 200-micron fiber, and this was compared and combined with standard endodontic treatment using mechanical debridement and antiseptic irrigation. Endodontic therapy alone reduced bacterial bioluminescence by 90% while PDT alone reduced bioluminescence by 95%. The combination reduced bioluminescence by >98%, and importantly the bacterial regrowth observed 24 hours after treatment was much less for the combination (P<0.0005) than for either single treatment.
Stomach
Helicobacter pylori organisms are spiral, microaerophilic, Gram-negative bacteria that colonize the gastric mucosa of the human stomach and secrete urease and other virulence factors that increase their pathogenicity. Ferrets are sometimes considered as an animal model of H. pylori infection as they are frequently naturally infected with a similar gastric helicobacter called H. mustelae. Millson et al (43) investigated the effect of topical PDT on explanted ferret gastric mucosa using one of five sensitizers (methylene blue (MB), toluidine blue O (TBO), phthalocyanine, hematoporphyrin derivative and 5-aminolavulinic acid), followed by irradiation with an appropriately tuned copper vapor pumped dye laser. A 90% reduction in counts of bacteria sensitized with 0.75 mg/kg TBO were seen after irradiation with 200 J/ cm 2 . Concentrations of MB of 0.75 mg/kg and 7.5 mg/kg were not toxic to H. mustelae, but the further addition of 20 J/cm 2 laser light reduced colony counts by more than 99%.
PDT in animal models of infection
Over the years, numerous studies have been designed to investigate the effects of PDT on prevention and treatment of infectious diseases utilizing animal models of infection, including mouse, rat, dog, pig, etc. The intent for the use of animals as models of disease is to establish an infection that mimics the real disease seen in the species of concern, usually humans. By duplicating as closely as possible the clinical infection, the reasons for the establishment of the infection can be researched and new treatments developed. It is clear that bacteria and fungi that are obtaining their essential nutrients from mammalian cells and tissue are very different from microorganisms growing exponentially in laboratory media. Many genes are transcribed differently in the so called "planktonic" phase cells that are growing logarithmically compared to the "stationary" phase or biofilm growing cells typical of an actual infection (44-46).
Monitoring PDT of infection by bioluminescence imaging
In vivo studies of PDT on infection models suffer from difficulties in monitoring the development of an infection in animal models and its response to treatment. Standard microbiological techniques used to follow infections in animal models frequently involve sacrifice of the animals, removal of the infected tissue, homogenization, serial dilution, plating and colony counting. These assays use a large number of animals, are time consuming, and often are not statistically reliable.
In order to facilitate the non-invasive monitoring of animal models of infection, we have developed a procedure that uses bioluminescent genetically engineered bacteria and a light sensitive imaging system to allow real-time visualization of infections. When these bacteria are treated with PDT in vitro, the loss of luminescence parallels the loss of colony-forming ability. We have developed several mouse models of localized infections that can be followed by bioluminescence imaging (BLI) (47) .
BLI can be used either to track the course of an infection or monitor the efficacy of antimicrobial therapies. Bacterial pathogenesis appeared to be unaffected by the presence of the luciferase genes, and bioluminescence can be detected throughout the study period in animals. Further, the intensity of the bioluminescence measured from the living animal correlated well with the bacterial burden subsequently determined by standard protocols (48) (49) (50) . Transposonmediated integration of the luciferase operon into the bacterial chromosome means that reduction of luminescence from sites of infection in animals can be attributed to reduction of bacterial numbers rather than loss of plasmids.
Wound infections
Surgical wound infections account for 25% of nocosomial infections and frequently display some degree of antibiotic resistance. Species involved include S. aureus, enterococci, Gram (−) enteric bacilli. Patients who have intestinal surgery, who are neutropenic due to cancer chemotherapy or other medication or who have diabetes or other vascular disease are at increased risk of post surgical wound infection. It may be possible when these infected wounds need surgical intervention to apply topical PDT especially for drug resistant strains.
Hamblin et al. (51, 52) reported the first time the use of mouse wound infection models to investigate the effect of PDT on treating excisional wounds infected with Escherichia coli and Pseudomonas aeruginosa. Single wounds measuring 100 mm 2 (8 mm×12.5 mm) were made on the backs of mice. Bioluminescent bacteria transduced with a plasmid containing a bacterial lux gene operon were used, allowing the infection to be monitored in real time by use of a sensitive charge-coupled camera. Polycationic photosensitizer conjugate was applied topically followed by red-light illumination at 665 nm for up to 240 J/cm 2 . A rapid light dose-dependent loss of luminescence was observed as measured by image analysis. For the P. aeruginosa infection, all 3 groups of non-treated control mice died within 5 days; in contrast, 90% of the PDT-treated mice survived as shown in the Kaplan-Meier plot in Figure 5 .
Using similar mouse models, Wong at al. (53) and Zolifagehari et al (54) studied the effect of methylene blue and toluidine blue O mediated PDT on Vibrio vulnificus and methicillinresistant S. aureus wound infections, respectively. Over 1 log of reduction in bacterial numbers was observed in both studies after 150 to 360 J/cm 2 illumination of red light. For V. vulnificus infection, it was demonstrated that PDT could cure mice that would develop otherwise fatal sepsis.
Burn infections
The effect of burns in destroying the cutaneous barrier, rendering the affected tissue nonperfused, and depressing immune defenses, means that they very commonly become infected. In past years the majority of patients with serious burns died from infections. The introduction of topical antimicrobial treatments and early excision and skin grafting has reduced the death rate significantly. The ubiquitous pathogen P. aeruginosa, together with S. aureus, Candida and filamentous fungi are frequently responsible.
Using a guinea pig model, Orenstein et al (55) studied the effect of porphyrins on the eradication of S. aureus in burns. Guinea pigs, weighing about 400 g each, were shaved on the backs. A copper plate of 10 mm × 10 mm × 30 mm equipped with a 200 mm handle, heated to 150 °C, was placed on the shaved back of each mouse for 10 s, resulting a third degree burn. Wounds were infected with 10 8 CFU of S. aureus 15 min after the burning. It was noted that a reduction of 99% of the viable bacteria was achieved after the porphyrins was dropped on the eschar or injected into eschar but the therapy was not particularly dependent on light delivery.
Mouse models (BALB/c mouse, 6-8weeks age) were employed by Lambrechts et al (56) and Dai et al (57) to evaluate the PDT for S. aureus and A. baumannii burn infections respectively and the procedure is illustrated in Figure 6 . Burns were created on the backs of mice by applying two pre-heated (95 °C) brass blocks to the opposing sides of an elevated skin-fold on the backs of mice for 10 seconds. The brass block area was 20 mm X 10 mm giving a burned area of 200 mm 2 . Bioluminescent S. aureus or A. baumannii was applied to the burns 10 minutes after the creation of burn. When PDT was performed at 30 minutes after infection, over 3-log10 inactivation of A. baumannii was achieved, as quantified by luminescent imaging analysis ( Figure 7 ). During the same period of time less than 0.9 log10 reduction of bacterial luminescence was observed in the dark control and the bacterial luminescence of the light alone control increased by a factor of 2 during this same period (Fig. 2) . When PDT was performed 24 hours after infection, over 1 log10 inactivation of both S. aureus and A. baumannii was achieved. PDT did not delay wound healing in A. baumannii infected burns, but in S. aureus infected burns, delay of wound healing was observed in the PDT treated burns.
Soft tissue infections
Although soft tissue infections are relatively rare they can have devastating consequences to patients. The spread can be rapid, the mortality rate is high (up to 50%), and frequently mutilating surgery is the only means of arresting the unrelenting course of the disease. The group includes such manifestations such as necrotizing fasciitis (S. aureus, Streptococci, or polymicrobial species); gas gangrene (Clostridium species), necrotizing cellulitis and Fournier's gangrene (synergistic mixtures of aerobes and anaerobes). In these infections repeated excisions of affected tissue are frequently necessary and topical PDT could have a role to play in rapidly reducing the bacterial burden, and hence reducing the extent of surgical debridement.
A commonly used animal model of a localized soft-tissue infection is the intramuscular injection of a bacterial suspension into the mouse thigh muscle. This has been carried out with many bacterial species including E. coli, P. aeruginosa and S. aureus. Berthiaume et al. (58) evaluated the efficacy of antibody-targeted photolysis to kill bacteria in vivo using immunconjugates against P. aeruginosa. Initially, they mixed the bacteria with the tin(IV) chlorin e6-monoclonal antibody conjugate in vitro and injected the mixture into the subcutaneous dorsal area in mice. After infection, both specific and nonspecific conjugates were injected at the infection site. After a 15 min incubation period, the site was exposed to 630 nm light with a power density of 100 mW cm 2 for 1600 s (total light 160 J/cm 2 ). Illumination resulted in a greater than 75% decrease in the number of viable bacteria at sites treated with a specific conjugate, whereas normal bacterial growth was observed in animals that were untreated or treated with a non-specific conjugate. Gad et al (59) used luminescent bacteria and studied the PDT for S. aureus infection in soft tissue. One million (10 6 ) mid-log phase bioluminescent S. aureus cells suspended in 50 μL phosphate buffered saline (PBS) were injected 2 mm beneath the surface of the thigh muscle in neutropenic mice. PDT mediated with poly-lysine chlorine e6 conjugate was performed 24 hours after infection. There was a light dose dependent loss of luminescence not seen in the non-treated infections or those treated with light alone. PDT treated legs healed better than the infected legs without treatment.
Oral and dental infections
As more and more bacterial strains become resistant to antibiotics, the dental clinician often is faced with choosing alternatives to combat anaerobic bacteria that grow in the periodontal pocket and lead to periodontal diseases and tooth loss. A primary related concern for the implantologist is peri-implantitis, a condition in the region of the dental implant involving softtissue inflammation (peri-implant mucositis), bleeding, and suppuration, which can progress to fairly rapid bone loss.
In a pilot study, Shibli et al (60) reported the results on lethal photosensitization on ligatureinduced peri-implantitis in male mongrel dogs (2 years age, average weight of 18 kg) with different implant surfaces. A total of 36 dental implants with 4 different surface coatings (9 commercially pure titanium surface; 9 titanium plasma-sprayed; 9 hydroxyapatite; and 9 acidetched) were inserted in 6 male mongrel dogs 3 months after extraction of mandibular premolars. After a 14 months, dogs underwent surgical debridement of the dental implant sites and lethal photosensitization by combination of toluidine blue O (100 μg/mL) and illumination from a 685-nm diode laser at the energy of 200 J/cm 2 . Five months later, biopsies of the implant sites were dissected and prepared for ground sectioning and analysis. The percentage of bone fill was 26.70 to 48.28, and the percentage of reosseointegration was 15.83 to 25.25, depending on the different surface coating used.
Periodontal disease is the result of the collapse of teeth-supporting structures by the local action of periodontopathogenic microorganisms. These microorganisms release substances that strictly injure periodontal tissues, besides inducing tissue destruction by inflammatory and immunologic responses of the host. Komerik et al (61) investigated the use of toluidine bluemediated photosensitization for killing organisms in the oral cavities of male Sprague-Dawley rats (weighing 200 g). The maxillary molar of each rat was inoculated with 2.5×10 8 CFU of P. gingivalis and immediately exposed to up to 48 J of 630-nm laser illumination in the presence of toluidine blue. Significant reduction in the number of viable P. gingivalis was observed after PDT. Radiographic analysis showed the bone loss in the PDT treated animals was found to be significantly less than that in the control groups.
Fernandes et al (62) and de Almeida et al (63, 64) studied the effect of PDT on treating periodontal diseases using normal rat and immunosuppressed rat models (treated with dexamethasone). Male Wistar rats (250-330 g) were used in the studies. Ligatures were placed on the first mandibular molar in rats to induce periodontitis. PDT mediated with methylene blue or toluidine blue-O was performed on the normal rats and immuno-suppressed rats at day 2 and day 7 post-infection respectively. Results indicated that less bone loss was found in the PDT group than the control groups. In addition, PDT showed better therapeutic efficacy in dexamethasone-inhibited rats than scaling and root planning (62).
Sigusch et al (65) performed a study on PDT for periodontal infections in beagle dogs (weight 15-20 kg). The animals were infected with P. gingivalis and Fusobacterium nucleatum in all subgingival areas. Two photosensitizers, chlorine e6 and BLC1010, were tested. The PDT procedure carried out with either of the photosensitizers in combination with 662 nm laser illumination caused a significant reduction in the clinical inflammation signs of redness and bleeding on probing, compared to the controls (light only and no treatment). Furthermore, PDT with chlorin(e6) caused a significant reduction in P. gingivalis infected sites, whereas there was a lack in suppression after PDT with BLC1010. F. nucleatum could hardly be reduced with chlorine e6, and only to a certain extent with BLC 1010 and laser only. In the control groups, the P. gingivalis infected test sites did not change.
Mucocutaneous oropharyngeal candidiasis is one of the most common manifestations of human immunodeficiency virus (HIV) infection, occurring in up to 84% of HIV-infected patients, and is considered to be an independent predictor of immunodeficiency in patients with acquired immune deficiency syndrome (AIDS). Candida albicans is the most often isolated organism from patients. In a normal healthy adult population an estimated 40% are oral carriers, and most cases of mucocutaneous oropharyngeal candidiasis are endogenously acquired. Teichert et al (66) evaluated the efficacy of using methylene blue (MB)-mediated PDT to treat oral candidiasis in an immunosuppressed mouse model, mimicking what is found in human patients. Seventy-five experimental beige nude mice with severe combined immunodeficiency disease (SCID) were inoculated 3 times a week by swabbing the oral cavity with a C albicans-coated Calgis type 4 swab for a period of 4 weeks. On treatment day, mice were cultured for baseline fungal growth and received a topical oral cavity administration of 0.05 mL MB solution at various concentrations from 250 to 500 μg/mL. After 10 minutes, the mice were recultured and underwent light activation with 664 nm of diode laser light with a cylindrical diffuser. The results indicated a MB dependent effect of PDT, and completed eradication of from oral cavity was achieved when 450-500 μg/mL MB was used.
Lin et al (67) examined the effect of toluidine blue (TB)-mediated PDT on oral wound infections in rats. Male Wistar rats weighing 150-180 g were used in this study. Excisional wounds (1×2 mm 2 ) were made on the palate of the first maxillary molar with the gingiva and connective tissue beneath cut off. After the blood had been blocked, 20 μL Streptococcus spp. or Actinomyces viscosus suspension containing 2×10 8 CFU was injected into each wound. At 24 hours post-infection, 10 μL TB solution was topically applied to the wound, which was subsequently irradiated with a 635-nm diode laser for up to 48 J/cm 2 . It was observed that, when 48 J/cm 2 light had been delivered, approximately 97% killing of bacteria was achieved. Accelerated wound healing was found in the PDT treated group than the untreated control group.
Leishmaniasis
Leishmaniasis causes substantial mortality and morbidity in the developing world, with endemic levels in 88 countries. Depending on the genetic background of the host and species of the Leishmania parasite, the resulting infection may be restricted to cutaneous sites, involve the multiplication of microorganisms in the mucous membranes (as in muco-cutaneous leishmaniasis), or spread throughout the reticuloendothelial system, as in visceral leishmaniasis. Recently, cutaneous leishmaniasis has raised considerable concerns because about 1% of the US service members deployed to the Middle East have contracted this disease.
Akilov et al (68) (69) (70) reported the use of a mouse model to study the effcicay of PDT for cutaneous leishmaniasis. Approximately 1×10 6 metacyclic parasites in 20 μL of PBS were inoculated intradermally into each ear of 6 to 8-week-old BALB c female mice. PDT was performed 3 weeks after infection. Photosensitizers used included (3,7-Bis(N,N-dibutylamino) phenothiazinium bromide (PPA904) and δ-aminolevulinic acid-derived protoporphyrin IX (ALA). Infected sites were illuminated using a 665-nm non-coherent light source or a 635-nm diode laser. Mice were sacrificed 5 days after PDT and the load of parasites was quantified. It was indicated that PDT with PPA904 exhibit a high parasiticidal effect in-vivo against cutaneous leishmaniasis [35, 37] . In-vivo PDT with ALA resulted in significant reduction of the parasite loads but also vigorous tissue destruction.
Mycobacterial infection
Mycobacterium tuberculosis is a major public health problem and manifests as latent infection or progressive contagious disease. The predominance of these infected cases is in the latent form; the remainder is active and often contagious. Although only 10% of infected people develop active tuberculosis, the death rate of about 2 million a year is among the highest for infectious diseases worldwide.
O'Riordan et al (6, 71 ) developed a mouse model of localized mycobacterial infection and used PDT to treat this infection in vivo. Male BALB/c mice (6-8 weeks old) were used. One full thickness incisional skin wound was made in a line along the dorsal surface of each mouse and a subcutaneous pocket made with a fine-tipped sterile forceps. The collagen implants were placed at either side of the dorsal midline and the incisions then closed with nylon sutures. Three PS were tested in the studies: Verteporfin (lipid-formulated benzoporphyrin derivative monoacid ring A), benzo[a]phenothiazinium chloride, and benzo[a]phenoselenazinium chloride. Real-time fluorescence monitoring technique was used to track the delivery of the PS to the infected sites as shown in Figure 8 . When 10 5 Mycobacterium bovis BCG were present in the in vivo-induced granulomas, a significant reduction in viable mycobacterial cells was demonstrated in PDT-treated granulomas compared to those of non-treated controls.
Otitis media
Otitis media with effusion (OME) is the most common disease of childhood with the exception of viral upper respiratory infections. Despite the popular use of antibiotics, complications of otitis media with significant morbidity still occur. It is obvious that otitis media is a major health problem, especially among children. One of the most important factors that contribute to the development of OME is bacterial infection.
By using a gerbil model (Meriones unguiculatus, weighing 50 g each), Jung et al (72) evaluate the antibacterial effects of PDT in vivo on Haemophilus influenzae and Streptococcus pneumoniae, the common bacterial species causing OME. Bacteria solution of 20 μL (10 7 CFU/mL) was injected through the bullae under sterile conditions. PDT was performed two days after the infection by injecting 20 μL of Photogem (1 mg/mL, a hematoporphyin derivative) solution into the bullae followed by 632-nm laser illumination from a sterilized fiber tip for 90 J. PDT was effective in killing S. pneumoniae in 87% of the infected bullae with OME, whereas it was effective in eradicating H. influenzae in 50% of the infected bullae with OME.
Osteomyelitis
Bisland et al (73) studied PDT as a possible treatment for osteomyelitis using a bioluminescent strain of biofilm-producing S. aureus grown onto kirschner wires (K-wire). S. aureus-coated K-wires were exposed to methylene blue (MB) or 5-aminolevulinic acid (ALA)-mediated PDT either in vitro or following implant into the tibial medullary cavity of Sprague-Dawley rats. The progression of S. aureus biofilm was monitored non-invasively using bioluminescence and expressed as a percentage of the signal for each sample immediately prior to treatment. S. aureus infections were subject to PDT 10 days post inoculation. Treatment comprised administration of ALA (300 mg/kg IP followed 4 h later by light (635 +/− 10 nm; 75 J cm 2 delivered transcutaneously via an optical fiber placed onto the tibia and resulted in significant delay in bacterial growth and inhibited biofilm formation on implants in bone.
Virus infections
Smetana et al (74) infected Hartley Guinea pigs (200-300 g), Inoculation of HSV on the backs of guinea pigs resulted in a local infection starting after 24 hours, manifested as reddening and swelling for up to 3 days. At 3-6 days vesicles were formed, followed by the appearance of crusts during the second week. Complete healing occurred at 3-4 weeks after infection. Exposure to light or ALA only at various times after infection had no obvious effect on the clinical manifestations. When treated with ALA-PDT immediately or up to 6 hours after infection there was a dramatic effect. Duration of vesicles' appearance was very short and healing started on the third day. Crusting time, however, was longer and the diameter of the crusts was 2 cm instead of 0.3-0.5 cm in the controls. The clinical observations were confirmed by titrating HSV isolated after infection. In control or ALA alone animals the HSV titer reached a peak of 5 log10 PFU 4 days after infection. However, when ALA administration was followed by light exposure no HSV could be isolated. ALA-PDT 2 days after infection had no effect on the HSV titer.
PDT for clinical infectious disease
The ability of light-drug combinations to kill microorganisms has been known for over 100 years. Although reports of the photodynamic inactivation of viruses appeared in 1928, long before chemotherapeutic antiviral drugs, the first clinical trial in humans-the topical treatment of herpes genitalis-did not take place until the early 1970s (75) . Figure 9 shows the wide range of infectious diseases that PDT may be especially suited to deal with. Many clinical applications of antimicrobial PDT (especially in the skin) involve topical application of the precursor amino-acid, 5-aminolevulinic acid (or more recently the ALAmethyl ester known as methyl aminolevulinate, MAL) in a process that leads to accumulation of the photosensitizer protoporphyrin IX in cells that are equipped with heme biosynthesis enzymes as illustrated in Figure 10 . It is at present uncertain to what extent ALA-PDT of dermatological infections achieves its clinical success by killing the actual microorganisms responsible for the infection, and to what extent ALA-PDT kills the host cells or tissue that harbor the infectious microbes.
Localized bacterial infection
There is one report of PDT being clinically used to treat localized bacterial infections by topical administration of PS and light in patients by Lombard et al (76) . They intraoperatively treated 5 patients with brain abscesses after craniotomy and surgical drainage by instilling hematoporphyrin into the abscess bed and illuminating 5 minutes afterwards to give a positive clinical response.
A group in Russia has reported using PDT to treat "purulent wounds" (77) and suppurative soft-tissue infections" (78) , but the papers are in Russian with no abstracts so obtaining details is difficult. Photopharmica (www.photopharmica.com), a company based in UK, has carried out clinical trials of topical PDT mediated by a phenothiazinium derivative (PP904) in non-healing leg ulcers infected with bacteria. Improved wound healing and microbial reductions were found but these data have so far only been presented at conferences (79).
Acne
Acne vulgaris is a multifactorial disease. Propionibacterium acnes has been found in the sebaceous glands of patients and is considered a major (but not the only cause) of the disease. Common therapies for acne include both topical and systemic antibacterial therapies (80) . Phototherapy without added PS (using lasers or blue light alone) began to be used in 1990s to clear lesions and to improve recent and old scarring (81) . Laser therapy is beneficial for people with nodular and cystic acne. The bacterium responsible for acne (P. acnes) has long been known to naturally accumulate red-uorescent porphyrins (82) . This property has been used to follow the response of patients to therapy by uorescence photography of the face (83). Ashkenazi et al. (84) confirmed that a particular strain of P. acnes was capable of producing endogenous porphyrins with no need for addition of any aminolevulinic acid (ALA) precursors, and Ramsted et al (85) showed that even more porphyrins were accumulated in the presence of ALA or MAL especially if the temperature was raised.
PDT after ALA, and more recently, methyl aminolevulinate (MAL) has been applied to the skin has been shown to be a safe and effective modality for the treatment of acne vulgaris (80, 86) as illustrated in Figure 11 . The first clinical trial using ALA-PDT with 550-570-nm broadband light source in the treatment of acne vulgaris was reported by Hongcharu et al (87) in 2000. MAL-PDT also proved to be an efficient treatment for inflammatory acne (88). Wiegell et al. (89) found that there was no significant differences in the response rate between ALA-PDT and MAL-PDT. The efficacy of topical application of indocyanine green (ICG) dye in combination with the NIR diode laser (803 or 809 nm) phototherapy for treatment of acne vulgaris was demonstrated by Tuchin et al (90) . PDT with an intralesional injection of ALA showed a de nite statistical superiority in raising the specificity of the treatment and shortening the incubation time compared with conventional ALA-PDT (91) . Photoactivation with blue light, red light (630+/−63 nm) (92) , yellow light, broadband or halogen light, or pulsed dye laser devices (93) can all yield significant long-term improvement (94) . Taylor reported that topical short-contact (90 min or less) application of ALA or MAL and illumination with a noncoherent light source at 2-4 week intervals for a total of two to four treatments produced the greatest clinical effect (95).
Other dermatologic infections (96-105)
Unlike acne, rosacea is a dermatological condition in which the etiology is less firmly attributed to actual infection but is frequently treated with antibiotics (97) . Rosacea has been proposed to be associated with the presence of the Demodex follicularum skin mite in a condition know as demodicosis (106, 107) . Gallo et al attributed the pathogenesis of rosacea to the excessive production of antimicrobial peptides such as cathelicidin (108) . Bryld and Jemec (109) treated patients with rosacea with MAL-PDT and red light given one to four times and achieved good results in 10 out of 17 patients, and fair results in another 4 patients. However these same authors were unable to find any changes in bacterial flora of the skin after MAL-PDT (96). Katz and Patel reported (110) a case of a 45-year-old woman who presented with facial erythema, papules, pustules, and flushing consistent with severe rosacea, who had failed standard pharmacologic treatments. She received 6 sessions of ALA-PDT given at 2-week intervals. Improvement was evident after the second treatment and was considered "excellent" after the sixth treatment. Improvement continued and no flares were observed 1 month after the final treatment.
Darras-Vercambre et al. (98) reported the first cases of photodynamic treatment of erythrasma, a superficial cutaneous infection. Illumination (80 J/cm 2 ) by red light (broad band, peak at 635 nm) without exogenous photosensitizing molecules achieved a complete recovery for some patients. Calzavara-Pinton et al (103) applied 20% ALA preparation in Eucerin cream under an occlusive dressing to skin lesions of interdigital mycosis of the feet caused by Candida or Trichophyton species followed by irradiation of 75 J/cm 2 of broad-band red light. Interdigital lesions of the other foot served as control (treated with only light or only ALA). Clinical and microbiological recovery was seen in six out of nine patients after one (four cases) or four (two cases) treatments. However, after 4 weeks, recurrences were seen in four patients.
PDT for viral infections
Papillomatosis, caused by human papillomatosis virus (HPV), has been treated by systemic and topical PDT in several anatomic locations. Recurrent respiratory papillomatosis (RRP), which is caused by HPV types 6 and 11, is the most common benign neoplasm of the larynx among children (111) . Conventional therapies cannot prevent multiple recurrences. Systemic PDT with dihematoporphyrin ether (4.25 mg/kg) was tested in 48 patients who received 50 J of 630 nm laser light 48 h after application of the drug (112) . There was notable improvement with a signi cant decrease in papilloma growth rate compared to control patients. Similar results were reported by Abramson et al. (113) and by Bujia et al. (114) . Abramson et al. treated thirty-three patients with moderate to severe recurrent laryngeal papillomatosis with 2.5 mg/kg of dihematoporphyrin ether intravenously either 48 or 72 hours prior to photoactivation with an argon pump dye laser system. Statistical analysis showed 50% patients got a significant decrease (113) .
HPV infection is also the course of genital warts also known as condyloma accuminata. They occur on the male or female external genitalia, around the anus, and in women HPV infects the uterine cervix where (if the virus is type 16 or 17) it can lead to development of cervical intraepithelial neoplasia (CIN) and cervical cancer. Ichimura et al. showed PDT (with a 630-nm YAG-OPO laser after 60 h of polyhematoporphyrin ether/ester 2 mg/kg IV) was effective not only in improving the cytological and histological measures when treating CIN but also for eradicating cervical HPV (115).
Abdel-Hady et al. (116) used topical ALA-PDT to treat high-grade vulval intraepithelial neoplasia (VIN 2-3) lesions but observed a short-term response in only one third of cases. Unifocal lesions were found more responsive than multifocal and pigmented lesions. They measured HPV infection; HLA expression; and immune infiltrating cells in VIN biopsies from responders and non-responders. There was a greater likelihood of HPV positivity associated with a lack of response of VIN to PDT, and VIN non-responders were more likely to show HLA class I loss compared with responders. There was a significant increase of CD8 infiltration (cytotoxic T-cells) in post-treatment VIN responders compared with non-responders. Highrisk HPV infection and lack of cell-mediated immunity may play a role in the observed poor response of lower genital lesions to topical PDT.
Topical ALA or MAL-PDT has been used to treat condyloma in the vulva, vagina, and penis. Selective accumulation of PPIX fluorescence was demonstrated in the condylomata (117, 118) . Chen et al (119) reported a randomized clinical trial comparing ALA-PDT vs. CO 2 laser vaporization in treatment of condylomata acuminata: Sixty-five patients were allocated to receive 20% ALA solution under occlusive dressing for 3 h followed by irradiation with the helium-neon laser at a dose of 100 J/cm 2 while patients were treated with the CO 2 laser. After one treatment, the complete removal rate was 95% in the ALA-PDT group and 100% in the control group. After two treatments with ALA-PDT, the complete removal rate in the treatment group was 100%. The recurrence rate for ALA-PDT group was 6.3% which was significantly lower than that in control group (19.1%, P < 0.05). Moreover, the proportion of patients with adverse effects in the ALA-PDT group (13.9%) was also significantly lower than that in CO 2 laser group (100%, P < 0.05). The side-effects in patients treated with ALA-PDT mainly included mild burning and/or stinging restricted to the illuminated area. However Szeimies et al (120) reported no difference in recurrence rates when ALA-PDT was combined with CO 2 laser. Herzinger et al (121) performed a small open study using topical 5-ALA and red light (630 nm) in nine men with genital condylomata and a history of at least one previous unsuccessful conventional treatment. Complete cure was achieved in three patients, one of whom experienced a relapse after 3 weeks while 3 patients showed partial responses, and 3 showed no response. Wang et al (122) treated 164 patients with intraurethral condylomata with topical ALA followed by intraurethral light delivery through a cylindrical fiber. The complete response rate was 95% and the recurrence rate was 5% after 6-24 months of follow-up.
Cutaneous warts known as verrucae vulgaris or verrucae plana (also caused by HPV) have been treated with ALA-PDT. In particular when they occur on soles of feet (plantar warts) they cause problems that necessitate treatment. Schroeter et al (123) treated 31 patients with 48 plantar warts with ALA (mean incubation time of 6.8 hours), and the mean treatment time was 18.7 minutes per wart. Each wart was treated an average of 2.3 times, with a median fluence of 100 cm2. Forty-two of 48 (88%) warts showed a complete response. A trend was found between total clearance and size of the warts, age of the patient, and the mean treatment time.
No significant side effects were seen postoperatively. Stender et al (124, 125) found ALA-PDT with white light repeated 1 (W1) or 3 (W3) times to be better than ALA-PDT with red (R3) or blue (B3) light repeated 3 times and also better than standard cryotherapy (CRYO) in 30 patients with 250 recalcitrant warts: 73% of the warts treated with W3 were completely healed, 71% after W1, 42% after R3, 23% after B3 and 20% after CRYO. No scars were observed in the ALA-PDT treated areas and patients treated for foot warts were all able to walk after the treatment. No recurrences in completely responding ALA-PDT treated warts were observed after 12 months of follow-up. However ALA-PDT for warts is painful and in 17% of patients it was reported as severe or unbearable requiring pharmacological pain relief (126) .
Molluscum contagiosum (MC) is a viral infection of the skin or occasionally of the mucous membranes. MC has no animal reservoir, infecting only humans. The infecting human MC virus is a DNA poxvirus called the molluscum contagiosum virus (MCV). There are four types of MCV, MCV-1 to −4; MCV-1 is the most prevalent and MCV-2 is seen usually in adults and often sexually transmitted. MC has been successfully treated with ALA-PDT in HIV-positive individuals (127, 128) .
In the 1970's there was a burst of popularity in treating Herpes simplex lesions by topical PDT ( (129, 130) and reviewed in (131)). Several dyes (of which the most popular choice was neutral red) were topically applied to oral or genital herpes lesions followed by illumination generally with white light. However this practice diminished after Myers et al (132) carried out a controlled clinical trial showing no therapeutic effects in 96 patients and a possible adverse effect on orolabial lesions. In addition to this, concern was raised about the possible carcinogenic effect of the treatment (133).
Leishmaniasis
Leishmaniasis is a disease caused by protozoan parasites that belong to the genus Leishmania and is transmitted by the bite of certain species of sand fly (subfamily Phlebotominae). Cutaneous leishmaniasis is the most common form of leishmaniasis. There are as yet no standard treatment guidelines for leishmaniasis. Compared with topical paromomycin, significant results were found in the patients who received weekly PDT therapy (10% ALA preparation, red light with a wavelength of 633 nm, light dose of 100J/cm 2 ) (134). PDT of 75 J/cm 2 red light performed 12 weeks also showed good results (135). Sohl, Kauer et al. reported that excellent results were achieved with PDT on a patient with facial cutaneous Leishmania tropica infection which proved to be resistant to various therapeutic regimes (136) . PDT was showed to be more effective than topical paromomycin and methylbenzethonium chloride in the therapy of cutaneous leishmaniasis (137).
Dental infections -periodontitis and endodontics
Dental infections are the largest growth area of clinical antimicrobial PDT. This is because three companies are actively involved in clinical trials and are marketing what is still a relatively unknown therapy. Ondine Biopharma (www.ondinebiopharma.com) in North America is using methylene blue (MB) and 660-nm light for treating periodontitis (and nasal MRSA decontamination) while HELBO Photodynamic Systems (www.helbo.at) in Austria is using tolduidine blue O (TBO) and 635-nm light to treat periodontitis and endodontic infection and Denfotex (www.denfotex.com) in UK also uses TBO and 635-nm light to treat endodontics, periodontitis and caries..
Periodontitis is a disease caused by bacterial infection in the dental pocket accompanied with the inflammation of connected tissues and resorption of alveolar bone. Cytokine profiles are of considerable value when studying disease course during treatment. PDT was found to have similar effects on crevicular TNF-alpha and RANKL levels, compared to scaling and root planning treatment alone in patients with aggressive periodontitis (138) . The additional application of a single treatment of PDT to scaling and root planing resulted in significantly higher reduction of bleeding scores than following scaling and root planing alone (139) . In patients with chronic periodontitis, clinical outcomes of conventional subgingival debridement can be improved by adjunctive PDT, which was performed with a diode laser (660 nm, 100mW/ cm 2 , in combination with phenothiazine chloride (140). Christodoulides et al. also showed patients with chronic periodontitis resulted in a significantly higher reduction in bleeding scores compared to scaling and root planing alone (141) . Recently, Qin et al reported that TBOmediated PDT with 1 mg/mL of TBO plus 12 J/cm 2 red laser irradiation could effectively treat periodontitis in vivo and has high potential in clinical application (142) .
Another dental application of antimicrobial PDT is in the sterilization of the endodontic root canal in patients who are being treated for necrotic pulp and periapical lesions. In this case PDT can be combined with standard endodontic therapy of mechanical debridement and chemical antimicrobials such as hypochlorite and hydrogen peroxide. Garcez et al. (143) analyzed the antimicrobial effect of PDT using a polyethylenimine chlorin(e6) conjugate and 660-nm light in association with standard endodontic treatment in 20 patients. At the end of the first session, the root canal was filled with Ca(OH)(2), and after 1 week, a second session of the therapies was performed. Endodontic therapy gave a mean reduction of 1.08 log. The combination with PDT significantly enhanced the reduction (1.83 log, p = 0.00002). The second endodontic session gave a similar diminution to the first (1.14 log), and the second PDT was significantly more effective than the first. The second total reduction was significantly higher than the second endodontic therapy. The total first + second reduction (3.19 log) was significantly different from the first combination. Pinheiro et al (144) used TBO mixed with a urea peroxide preparation and red light added to mechanical instrumentation to sterilize root canals in children with deciduous teeth with necrotic pulps. The instrumentation resulted in a reduction of 82.59% of viable bacteria, and, after PDT, the microbial reduction observed was 98.37% (P=0.0126).
Gastric Helicobacter pylori infection
Helicobacter pylori colonizes the mucus layer of the human stomach and may cause peptic ulcer and adenocarcinoma. Increasing reports mention the emergence of antibiotic resistance to conventional triple drug therapy (145) prompting the search for alternative treatments (146) . A preliminary clinical trial was carried out in 13 patients using oral 5-ALA (20 mg/kg) and, 45 minutes later, a zone of gastric antrum was illuminated through an endoscope with a blue laser (410 nm, 50 J/cm2) (147) . They demonstrated the greater eradication of HP in biopsies from illuminated areas compared to control zones.
Hamblin et al (148) demonstrated that H. pylori naturally accumulates the photoactive porphyrins, coproporphyrin and protoporphyrin and this means the bacterial cells are exceptionally sensitive to photoinactivation without any added PS, especially when blue light is employed. Ganz et al (149) went on to show that blue light (405 nm, 40 J/cm 2 ) could be delivered to a 1-cm diameter spot in the gastric antrum via optical fiber passed through an upper GI endoscope in patients with proven H. pylori infection. They took weighed biopsies from treated and control spots and colonies quantitatively were cultured. On average of 90% of the CFU were destroyed. This group then went on to demonstrate that whole stomach illumination with 405-nm light was feasible and safe (150) . A novel light source consisting of laser diodes and diffusing fibers delivered 408-nm illumination at a total optical power of 12W and provided escalating total fluences to the whole stomach. Eighteen adults (10 female) with H. pylori infection were treated at three U.S. academic endoscopy centers. Quantitative bacterial counts were obtained from biopsies taken from the antrum, body, and fundus, and serial urea breath tests. The largest reduction in bacterial load was in the antrum (>97%), followed by body (>95%) and fundus (>86%). There was a correlation between log reduction and initial bacterial load in the antrum. There was no dose-response seen with increasing illumination times. The urea breath test results indicated that the bacteria repopulated in days following illumination.
Conclusion and future outlook
The never-ending world-wide rise in drug-resistance amongst many classes of pathogenic microbes leading to lessening effectiveness of standard antibiotic, antiviral and anti-parasitic therapies will only continue to give rise to international concern. The day may arrive when infections return as the chief cause of premature death, as indeed they have been throughout most of human history. This worrying phenomenon has led to an astonishing research effort both in academic laboratories and in small companies on new, alternative antimicrobial technologies that do not rely on the selective pharmacology and cell biology approaches that have given us 60 years of very successful antibiotics. In our opinion one of the most important examples of these new technologies is antimicrobial PDT and its many advantages are summarized in Figure 12 . To the extent that the PS can be targeted to the microbial cell and the light can be targeted to the infected tissue area, PDT has double selectivity. Nevertheless it is important to realize that many infectious diseases will continue to need systemic therapy.
One important topic in PDT, which has not so far been much investigated in PDT for infectious disease, is its role in stimulating the host immune system. It is reasonably well established that when PDT is used to treat cancer, it possesses a particular ability to increase the host immune response against the cancer (151) . This property is proposed to be due to the PDT-induced killing of tumor cells creating or releasing a mixture of tumor antigens and cellular danger signals at the same time as the acute inflammatory response caused by PDT attracts, activates and matures dendritic cells and other cellular components of both the innate and adaptive immune systems. In principle this same process should operate when infections are treated by PDT, but we are aware of only one paper by Abdel-Hady (previously discussed (116) ) that even comes close to approaching this topic. This avenue could be a fruitful field for further study.
Another beneficial property of antimicrobial PDT that is not commonly seen in other antimicrobial therapies is its ability to photo-destroy secreted virulence factors. Most of the molecules that act as secreted virulence factors are proteins or enzymes and it is well known that proteins in solution are highly vulnerable to oxidation of sensitive aminoacid residues such as cysteine, methionine, tryptophan, tyrosine and histidine. This ability of PDT to destroy secreted virulence factors has been shown for lipolysaccharide and Pseudomonas proteases (152) . Hamblin et al proposed (52) the PDI of protease and other secreted virulence factors could explain the better wound healing observed when P. aeruginosa infected wounds were sterilized by PDT compared to being sterilized by silver nitrate.
One bottleneck in the wider application of PDT for clinical infections is the lack of highly effective antimicrobial PS with clinical approval. The phenothiazinium dyes (MB and TBO) and ALA or MAL-induced PPIX are the only PS that have been widely used in patients for infectious disease. While these do have some efficacy depending on the type of microbe and the anatomical location of the infection, those who study antimicrobial PDT know that optimized PS molecules are available that have hundreds or even thousands of time the potency, but have never been subjected to the costly toxicological and safety studies necessary for approval for human use. The rapid increase in recent years in the clinical use of PDT for periodontitis gives just a foretaste of the number of infections that could be clinically treated in the future. Problem of antibiotic resistance. Schematic depiction of the use of ex vivo biological tissues and materials to mimic the use of PDT to kill microbial cells in infections. Kaplan-Meier plot of survival of mice with excisional wounds infected with Pseudomonas aeruginosa, and given either no treatment, light alone, PS (polylysine-ce6 conjugate) alone, or PDT with conjugate plus light. Schematic depiction of the steps involved in performing antimicrobial PDT on a burn infection in mice. Real time monitoring accumulation of PS (EtNBS) in subcutaneous granuloma site in BALB/ c mice by fluorescence imaging. Fluorescence intensity increased linearly immediately after PS injection up to 60 min, suggesting steady, time dependent delivery of EtNBS to the collagen implants. Candidate infectious diseases for PDT. A wide variety of localized infections could be clinically treated by antimicrobial PDT. Schematic depiction of ALA-PDT for acne. The infalammation and the bacteria in the sebaceous gland are destroyed. Schematic depiction of the advantages of PDT for localized infections compared to antibiotic drugs.
